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Abstract: 
We investigated the effects of size and energy of large incident Ar cluster ions on the 
secondary ion emission of Si. The secondary ions were measured using a double deflection 
method and a time-of-flight (TOF) technique. The size of the incident Ar cluster ions was 
between a few hundreds and several tens of thousands of atoms, and the energy up to 60 keV. 
Under the incidence of keV energy atomic Ar ions, atomic Si ions were mainly detected, and Si 
cluster ions were rarely observed. On the other hand, under the incidence of large Ar cluster 
ions, the dominant secondary ions were Sin
+
 (2≤n≤11). It has become clear that the yield ratio of 
secondary Si cluster ions was determined by the velocity of the incident cluster ions, and this 
 2 
strong dependence of the yield ratio on incident velocity should be related to the mechanisms of 
secondary ion emission under large Ar cluster ion bombardment. 
 
PACS: 79.20.-m; 79.20.Rf 




The collision processes of atomic ions in solids have been investigated in detail for a long 
time and development of a number of analytical techniques using ion beams followed these 
studies [1]. Lately, cluster ion interactions with solids have become the center of much attention 
because of many unique phenomena, not found under atomic and small molecular ion impacts. 
These phenomena are often called “cluster effects” or “nonlinear effects” and the studies of 
cluster‒solid interactions have also developed rapidly. For instance, secondary ion mass 






[4] has been frequently 
studied, and numerous experimental results have shown that both sputtering and secondary ion 
yields are significantly enhanced by cluster ion impact compared to atomic ions at the same 
incident velocity [5,6]. It has also been indicated that emission yields are enhanced with 
increasing size of the primary cluster ion. 
However, there are very few reports about the interactions of extremely large cluster ions 
with solids. In previous studies, we have reported the unique secondary ion emission for some 
targets using large Ar cluster ions that are much larger than the molecular ions as primary ions 
[7–9]. This research is progressing well since it started. In this study, secondary ions were 
measured for Si bombarded with large, size-selected large Ar cluster ions using a time-of-flight 
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(TOF) technique. We systematically investigated the effect of primary Ar cluster ion size and 
energy on the emission yields for Si. The emission processes of secondary ions under large 




A method for the generation of gas cluster ion beams with high current density (a few 
µAs/cm
2
) has been developed at Kyoto University, and the large cluster formation and 
ionization techniques were described in previous studies [10,11]. The gas cluster ion beam 
equipment consists of a source chamber, an ionization chamber and an ultra-high vacuum 
(UHV) analytical chamber. A differential pumping chamber is placed between the ionization 
chamber and the UHV analytical chamber. The UHV analytical chamber is equipped with a 
linear TOF mass spectrometer [12]. Neutral Ar clusters are formed by supersonic expansion of 
high-pressure gas (8 × 10
5
 Pa) through a nozzle and are then introduced into the ionization 
chamber. Electrons ejected from a hot filament are accelerated toward the neutral Ar clusters 
and ionize neutral them. The ionized Ar clusters are extracted towards a target with an 
accelerating voltage up to 60 kV. Magnets installed in the ionization chamber remove small 
cluster and atomic ions included in the cluster ion beams. In this study, the maximum current 
density of the Ar cluster beam was 5 µA/cm
2
, and the mean cluster size was about 2000 
atoms/cluster. The primary ion beam was incident on a clean silicon ( 1 0 0 ) target at an angle of 
45° with respect to the surface normal. The base and working pressures in the UHV analytical 
chamber were 1 × 10
-8
 and 2 × 10
-7 
Pa, respectively. 
A double deflection method was employed to measure the size dependence of secondary ion 
yields under the incidence of large Ar cluster ions [7]. First, the primary ion beam is chopped to 
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a width of 5 µs every 1 ms by applying a high-voltage pulse (~1000 V) between parallel 
electrodes (10 mm effective deflector length). When the pulsed ion beam is incident on a target, 
the beam width spreads beyond 100 µs because of the size difference of the incident cluster 
ions. Then, secondary ions produced are extracted with an electronic field and reach a second 
deflector installed between the target and a secondary-ion detector. The second deflector 
consists of two electrically insulated sets of thin (0.35 mm diameter) parallel wires mounted at a 
distance of 0.85 mm from each other and perpendicular to the target surface normal on a piece 
of double-sided circuit board. Finally, secondary ions were chopped to a width of 200 ns every 1 
ms by applying a high-voltage pulse (below 500 V) between the wires. We can selectively 
measure secondary ions produced by cluster ions of different size by changing the time interval 
(delay time) between the first and second chopping. Secondary ions were extracted with kinetic 
energy of 2 keV and detected with a microchannel plate (MCP) set on the axis of the surface 
normal. The timing of the second chopping and secondary-ion detection was respectively used 
as a start and a stop signal for the TOF mass spectrometry (TOF-MS), and each TOF 
measurement was taken for 20 s. 
 
3. Results and discussion 
 
Figure 1(a) shows a TOF spectrum of positively charged secondary ions for Si bombarded 
with 60 keV Ar cluster ions using a simple single deflection TOF method. Because, as 
mentioned, the first chopping and the secondary-ion detection were respectively, used as a start 
and a stop signal for the TOF measurement, it was impossible to mass-analyze different 
secondary-ion species. Therefore, the primary ion beams or secondary-ion species had to be 
chopped into short pulses again after being chopped with the first primary ion deflector. Fig. 
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1(b,c) shows the secondary ion spectra using the double deflection method. The delay times 
from the first chopping were respectively 155 and 500 µs, and this corresponds to Ar2000 and 
Ar20000 ions. The main ions detected under the incidence of 60 keV Ar2000 ions were atomic Si 






 ions were also detected in a small quantity. On 
the other hand, under the incidence of 60 keV Ar20000 ions, the dominant ions detected were 
(H2O)kH
+
 (k=1–6) and (H2O)lArm
+
 (l=1–2, m=1–6) species, and their yields were quite low 
compared to the incidence of 60 keV Ar2000 ions. These ions were not observed for a Si target 
under the incidence of atomic Ar ions [8,9]. When neutral Ar clusters are formed by supersonic 
expansion, H2O molecules included in the source chamber will likely be incorporated into the 





 species as projectile-related ions. It is noteworthy that Si-related ions were rarely 
produced under incidence of Ar cluster ions that were larger than Ar5000. 
Figure 2 shows mass spectra of positively charged secondary ions for Si bombarded with (a) 
15 keV Ar
+
, (b) 40 keV Ar500 and (c) 40 keV Ar2000 ions. Secondary ions were measured under 
high vacuum (a, 1 × 10
-3
 Pa) and UHV conditions (b and c). Under the incidence of 15 keV Ar 
atomic ions, atomic Si ions were mainly detected, and Si cluster ions were rarely observed. On 
the other hand, under bombardment with 40 keV Ar500 and Ar2000 ions, the dominant secondary 
ions were Sin
+
 up to n=11. However, the emission yields were different with incidence of Ar500 
and Ar2000 clusters. Under Ar500 incidence, 50% of the total number of secondary ions were 
emitted as Si cluster ions and with Ar2000 this amount increased to 60%. If the number of Si 
cluster ions is converted into Si atoms, 79% of the total atom number of secondary ions were 
emitted as Si cluster ions with Ar500 ions, and the ratio reached 87% with Ar2000 incidence. 
Furthermore, the ratio of large Si cluster ions depended on the primary Ar cluster ion species, 




 with Ar500 incidence. With Ar2000 this ratio was 29%, i.e. more than twice that of Ar500. On 
the other hand, it has been reported that Si cluster ions are also produced from Si under atomic 
ion bombardment in the keV range. However, the cluster ion yields are quite low: for instance, 
under keV energy Ar
+
 impact, the cluster ion yield ratio was below 20% [13]. It is considerably 
important to mention here that under the impact of large Ar cluster ions, most of the secondary 
ions are emitted as Si clusters.  
Next let us evaluate the Si cluster emission yields systematically. The conditions of cluster 
emission require taking into account the same parameters, incident cluster size and energy. 
When the yields of secondary ions are discussed, evaluating their production probabilities 
becomes a serious problem. Particularly, the ionization potential seems to be different between 
Si atoms and Si clusters. In order to minimize these effects on emission yields, the yields of Si6
+
 
relative to those of Si2
+
 were plotted as a function of incident Ar cluster size. Figure 3(a) shows 
the effect of incident cluster size and energy on the emission yield ratios. Under the same 
incident ion energy conditions, the yield ratios increased with incident size and gave the 
maximum value at a certain size, and these maxima depended on incident energy. Under the 
incidence of 20 keV Ar cluster ions, the yield ratios increased and saturated rapidly with 
incident size compared to 60 keV. It was found that the yield ratios of secondary cluster ions 
were not determined by incident cluster size and energy. Figure 3 (b) shows the yield ratios as a 
function of incident energy per atom of Ar. (The same incident energy per atom condition 
corresponds to the same incident velocity condition). As is evident from Fig. 3 (b), the yield 
ratios are surprisingly well expressed as a universal solid line. That is, it becomes clear that the 
velocity of incident cluster ions determines the yield ratios of secondary cluster ions, and this 
strong dependence should be related to the mechanisms of cluster emission under large Ar 
cluster ion bombardment. 
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 Finally, we discuss the mechanisms of cluster emission from solids under the impact of large 
clusters. When a large cluster is incident on a solid surface, a crater is formed on the surface. 
The crater formation was confirmed with scanning tunneling microscopy (STM) on highly 
oriented pyrolitic graphite (HOPG) surfaces irradiated by Ar cluster and C60 ions [14,15]. On 
the other hand, the emission processes of cluster‒solid collisions have been recently 
investigated by computer simulations. Aoki et al. performed molecular dynamics (MD) 
simulations to study the emission process between a large cluster and a solid surface. MD 
simulation data provide fundamental understanding on the emission processes of sputtered 
particles. According to the MD simulations, surface atoms near the edge of the crater are pushed 
outward soon after the cluster impact [16,17]. Moreover, preliminarily results indicate that the 
velocity of the edge during cluster impact correlates strongly with the velocity of the incident 
cluster [18]. That is, the dependence of cluster emission yield ratios on incident velocity 
obtained by experimental results agrees well with the MD calculation results. Further analysis 
of these experimental and MD results may reveal that edge velocity plays a major role in 




Positively charged secondary ions produced from Si were measured using a double deflection 
method and a TOF technique under the incidence of large Ar cluster ions that consisted of more 
than 500 atoms. Under the incidence of 15 keV Ar
+
 ions, atomic Si ions were mainly detected, 
and Si cluster ions were rarely observed. On the other hand, under the incidence of 40 keV 
Ar2000 ions, the dominant secondary ions were Sin
+
 up to n=11. From the total atom number of 
secondary ions, 87% was emitted as Si cluster ions for 40 keV Ar2000 incidence. It was found 
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that the yield ratios of secondary cluster ions were not determined by incident cluster size and 
energy, but were strongly dependent on the incident energy per atom (velocity) of the large 
cluster ions. The results presented in this study clearly show that the mechanism of cluster 
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Fig. 1. TOF spectra of positively charged secondary ions for Si bombarded with 60 keV Ar 
cluster ions using (a) a single deflection method and (b,c) a double deflection method. The 
incident ions were (b) Ar2000 and (c) Ar20000 at 60 keV. 
Fig. 2. Mass spectra of positively charged secondary ions for Si bombarded with (a) 15 keV Ar
+
, 
(b) 40 keV Ar500 and (c) 40 keV Ar2000 ions. 
Fig. 3. The effects of incident (a) cluster size and energy and (b) energy per atom (velocity) on 




) under the incidence of large Ar cluster ions. The solid 















































































































60 keV Ar cluster → Si
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